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ABSTRACT: Cartilage has an intrinsically low healing capacity,
thereby requiring surgical intervention. However, limitations of
biological grafting and existing synthetic replacements have
prompted the need to produce cartilage-mimetic substitutes.
Cartilage tissues perform critical functions that include load
bearing and weight distribution, as well as articulation. These are
characterized by a range of high moduli (≥1 MPa) as well as high
hydration (60−80%). Additionally, cartilage tissues display spatial
heterogeneity, resulting in regional differences in stiffness that are
paramount to biomechanical performance. Thus, cartilage sub-
stitutes would ideally recapitulate both local and regional
properties. Toward this goal, triple network (TN) hydrogels
were prepared with cartilage-like hydration and moduli as well as
adhesivity to one another. TNs were formed with either an anionic or cationic 3rd network, resulting in adhesion upon contact due to
electrostatic attractive forces. With the increased concentration of the 3rd network, robust adhesivity was achieved as characterized by
shear strengths of ∼80 kPa. The utility of TN hydrogels to form cartilage-like constructs was exemplified in the case of an
intervertebral disc (IVD) having two discrete but connected zones. Overall, these adhesive TN hydrogels represent a potential
strategy to prepare cartilage substitutes with native-like regional properties.
KEYWORDS: triple network hydrogel, adhesion, surface, cartilage, electrostatic

■ INTRODUCTION
Cartilaginous tissues perform critical roles in load bearing and
distribution, support, and motion throughout the body.1−4

Distinct biomechanical properties are associated with regional
differences found in most cartilage tissues (e.g., articular
cartilage, meniscus, costal cartilage, intervertebral discs
(IVDs); Figure 1).3,5−13 For instance, IVDs have two major
regions: the annulus fibrosus (AF) and the nucleus pulposus
(NP). The NP is a gelatinous core, while the AF is a rigid,
fibrocartilage ring composed of concentric lamellae. This
unique combination allows for IVDs to resist compression yet
still allow for flexion/extension, bending, and rotation.6,14

When damaged or degenerated, clinical repair of cartilage is
often limited due to avascularity and structural alterations.14−18

Biological grafting is most often leveraged, as well as other
surgical procedures such as microfracture for articular
cartilage.15,19−21 Nevertheless, such procedures remain con-
strained by graft availability, donor site morbidity, and
fibrocartilage formation.18,19,22−25 For severe cartilage degen-
eration, additional instrumentation may be required that
sacrifices native biomechanics and can lead to damage to
adjacent tissues (e.g., spinal fusion).26−29 Artificial replace-
ments have thus emerged, commonly combining metallic and
hard polymeric materials to withstand the high load-bearing

environment (e.g., artificial IVDs or articular cartilage focal
resurfacing devices).30−33 However, these fail to properly
replicate tissue mechanics. Specifically, these devices suffer
from a mechanical mismatch with surrounding cartilage tissue,
leading to degeneration and poor integration.14,34−38 This can
be partially attributed to their lack of hydration, as osmotic
forces of hydrated (60−90% water) cartilage tissues dictate
their mechanics (e.g., moduli and viscoelasticity).39−41 While
hydrogels can be prepared with high hydration, most hydrogels
exhibit compressive moduli that are orders of magnitude lower
than most cartilage tissues and further lack characteristic
regional differences.2,3,6,42,43 Thus, there is a need for hydrogel
cartilage substitutes that are more cartilage mimetic.
Multilayered hydrogels have been fabricated using various in

situ, multistep processes.44,45 To mimic the depth-dependent
properties of articular cartilage, Nguyen et al. developed a
trilayer poly(ethylene glycol) (PEG)-based construct.46 This
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was accomplished via a sequential photopolymerization
process wherein each layer’s precursor solution was cured on
top of a partially cured hydrogel layer to permit a thin “mixed”
region between layers. However, the moduli of each layer did
not parallel that of the native cartilage tissue layers. Regional
properties may also be afforded using adhesive hydrogels.
Adhesive hydrogels have been reported based on polyelec-
trolytes (PEs) and polyampholytes (PAs). PEs are based on
anionic or cationic monomers, while PAs comprise monomers
of a balance of opposite charges (i.e., 50:50�positive/
negative).47,48 For PE and PA hydrogels, adhesivity is achieved
via ionic bonding to charged surfaces.47 PE hydrogels achieve
adhesion via electrostatic interactions with oppositely charged
surfaces. In the case of PA hydrogels, “self-adjustable” adhesion
can be achieved (i.e., to either cationic or anionic surfaces) as
well as to tissue.48,49 Nonetheless, PE and PA hydrogels having
cartilage-mimetic moduli have not been reported.
Multinetwork hydrogels offer a strategy to achieve robust

mechanical properties.50−52 Recently, our group reported triple
network (TN) hydrogels that leveraged both electrostatic and
hydrophobic interactions to achieve unprecedented, cartilage-
matching moduli (∼1 to ∼3 MPa) and hydration (∼80%).53

The synergy and dynamic nature of these physical cross-links
also afforded high strength and toughness. These were
composed of asymmetrically cross-linked networks of anionic
poly(2-acrylamido-2-methylpropane sulfonic acid) (PAMPS)
and poly(N-isopropylacrylamide-co-acrylamide) (P(NIPAAm-
co-AAm)) and cationic poly((3-acrylamidopropyl)-
trimethylammonium chloride) (PAPTAC). The NIPAAm
units of the 2nd network provided hydrophobic interactions.
To ensure dimensional stability (i.e., no swelling/deswelling)

under physiologic conditions, the volume phase transition
temperature (VPTT) was tuned beyond the physiologic range
through the copolymerization of AAm in the 2nd network.51,53

Despite their cartilage-like hydration and moduli, these TN-
APTAC hydrogels do not mimic the regional properties
exhibited by most cartilaginous tissues.
Herein, toward preparing cartilage-mimetic hydrogel con-

structs with regional properties, we sought to demonstrate the
adhesivity of TN hydrogels imparted by oppositely charged 3rd
networks (Figure 2). It has been reported that the final
network of multinetwork hydrogels drives surface proper-
ties.54,55 Thus, TN hydrogels were prepared with cationic
(TN-APTAC53) or anionic 3rd networks (TN-AMPS) of
varying concentrations (0.5−2.0 M) to afford their adhesion to
one another. For both TN types, the 1st network was
composed of tightly cross-linked and anionic PAMPS, and
the 2nd network was loosely cross-linked P(NIPAAm-co-AAm).
The resulting TN hydrogel types varied not only in terms of
surface charge but also intra- and internetwork interactions
within the bulk. TN-APTAC hydrogels afforded electrostatic
attractive interactions between the anionic 1st and cationic 3rd
networks. In contrast, TN-AMPS hydrogels produced electro-
static repulsive interactions between the mutually anionic 1st
and 3rd networks. Characterization of hydration and mechan-
ical properties was completed, with moduli assessed under low
stains relevant to physiological loading. Adhesion between the
cationic TN-APTAC and anionic TN-AMPS hydrogels was
evaluated through lap shear testing. Finally, the ability of
oppositely charged TN hydrogels to be used in the
development of heterogeneous cartilage replacements was
analyzed with the development of a proof-of-concept artificial

Figure 1. Cartilage tissues throughout the body exhibit regional properties (e.g., depthwise and radial). These regional properties give rise to
unique mechanical functions to support articulation and load bearing.3,5−14 Representative IVD-like construct illustrated in this work (orange). EC
= compressive modulus and ET = tensile modulus.
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IVD-like construct, and a design for articular cartilage was
proposed.

■ EXPERIMENTAL SECTION
Materials. Acrylamide (AAm, >99%), 2-acrylamido-2-methylpro-

pane sulfonic acid (AMPS, 97%), (3-acrylamidopropyl)-
trimethylammonium chloride solution (APTAC, 75 wt % in H2O),
N-isopropylacrylamide (NIPAAm, 97%), N,N’-methylenebisacryla-
mide cross-linker (BIS, 99%), and 2-oxoglutaric acid (2-oxo, 99.0−

101.0%) were obtained from MilliporeSigma. Deionized (DI) water
(18 MΩ·cm, Cascada LS MK2, Pall) was used for hydrogel
fabrication. 1/2′ × 1/2″ (thickness × width) multipurpose 6061
aluminum bars were purchased from McMaster Carr.
Triple Network (TN) Hydrogel Fabrication. TN hydrogels

were fabricated in a three-step UV cure process. Single network (SN)
hydrogels were prepared and subsequently soaked in a double
network (DN) precursor solution. Post soaking, hydrogels were
removed from the solution and cured to form DN hydrogels. TN
hydrogels were formed by performing a similar process after curing of

Figure 2. Top: TN hydrogels were fabricated with either a cationic (TN-APTAC) or anionic (TN-AMPS) 3rd network, wherein the concentration
of APTAC or AMPS was tuned (0.5−2.0 M). Bottom: the 3rd network in TN hydrogels drives surface charge, enabling adhesion between the two
types via electrostatic attractive forces.
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the DN. The SN precursor solution consisted of AMPS (1.5 M), BIS
cross-linker (4 mol % w.r.t. AMPS), and 2-oxo photoinitiator (0.1 mol
% w.r.t. AMPS) in DI water. This solution was cured in a custom
mold composed of glass slides separated by spacers (∼1 mm) on a
UV plate (UVP Transilluminator PLUS, 6 mW cm−2, 365 nm,
Analytik Jena) for 5 h, flipping every 15 min for the first hour and on
the hour for the remaining 4 h to maintain symmetry. The cured SN
hydrogels were then immersed in a DN precursor solution composed
of NIPAAm (2.0 M), AAm (10 wt % w.r.t. NIPAAm), BIS (0.1 mol %
w.r.t. NIPAAm), and 2-oxo (0.1 mol % w.r.t. NIPAAm) in DI water
for 48 h. Post soaking, hydrogels were placed in a custom mold
composed of glass slides separated by spacers (∼1.25 mm) and UV
cured while immersed in an ice bath (∼7 °C) for 5 h following a
similar flipping pattern to SN hydrogels. Cured DN hydrogels were
immersed in a TN precursor solution composed of monomer (AMPS
or APTAC; 0.5−2.0 M), BIS (0.1 mol % w.r.t. monomer), and 2-oxo
(0.1 mol % w.r.t. monomer) in DI water for 48 h. After soaking,
hydrogels were cured in a similar manner to DN hydrogels. Once
cured, TN hydrogels were placed in DI water for at least 1 week
before testing to reach equilibrium swelling. TN hydrogels were
immediately tested upon removal from DI water to ensure minimal
dehydration. TN hydrogels were denoted TN-X-YM, where X
represents the monomer (AMPS or APTAC) and Y represents the
concentration (0.5−2.0 M; e.g., TN-AMPS-0.5M) of the 3rd network.
A DN hydrogel control (DN-AAm-10%) was fabricated similarly, but
after curing the 2nd network, the DN was lastly soaked in DI water
without further modification.
Interpenetrating Network (IPN) Hydrogel Fabrication. An

interpenetrating network (IPN) hydrogel (IPN-AAm) was fabricated
through a two-step, UV cure process in which SN hydrogels were
soaked in a 2nd network precursor solution and subsequently cured to
form an IPN hydrogel. The SN precursor solution consisted of AMPS
(1.5 M), BIS (1 mol % w.r.t. AMPS), and 2-oxo (0.1 mol % w.r.t.
AMPS) in DI water. The precursor solution was injected between two
glass slides separated by ∼ 1 mm thick spacers and exposed to UV
light (UV transilluminator, 6 mW cm−2, 365 nm) for 5 h while being
flipped at standard intervals to maintain symmetry (similar to TN
hydrogel fabrication). The SN hydrogel was removed from the mold
and immersed in the IPN precursor solution for 48 h. The IPN
precursor solution consisted of AAm (1.5 M), BIS (0.1 mol % w.r.t.
AAm), and 2-oxo (0.1 mol % w.r.t. AAm) in DI water. After soaking,
the hydrogel was enclosed in a mold of two glass slides separated by
spacers (∼1.25 mm) and then UV cured for 5 h flipping at the
standard intervals. The resulting IPN hydrogels were then removed
from the molds and soaked in DI water for 1 week before testing.

Equilibrium Water Content (EWC). The water content of the
hydrogels was determined by comparing the weights of swollen and
dried hydrogel discs. Hydrogel discs (6 mm × ∼2.5 mm, diameter ×
thickness) were punched out using a biopsy punch, and surface water
was removed by blotting dry with a Kim Wipe (n ≥ 5). Hydrogels
were then placed in an oven at 60 °C and dried overnight under
vacuum (30 in. Hg). Water content was calculated as × 100W W

W
s d

s
,

where Ws is the swollen weight and Wd is the dry weight.
Unconfined Compression. Compressive mechanical properties

of hydrogels were determined using an Instron 5944 at room
temperature. Hydrogel discs (6 mm × ∼2.5 mm, diameter ×
thickness) were punched out using a biopsy punch, and surface water
was removed by blotting dry with a Kim Wipe (n ≥ 5). Hydrogel
samples were preloaded with a force of 0.2 N, and the strain was
zeroed. Samples were compressed at a displacement rate of 1 mm
min−1 until fracture. Fracture was defined as a sharp drop in stress.
The elastic modulus was defined as the slope of the linear region (0−
10% strain) of the stress−strain curve. Strength was designated as the
stress at fracture. Toughness was determined by the integration of the
stress−strain curve to the point of fracture.
Tension. Tensile mechanical properties (modulus, strength,

toughness) of hydrogels were determined using an Instron 5944 at
room temperature. Hydrogels were punched into dog bones using a
certified punch (ASTM D1708-18) (n ≥ 5). Surface water was
removed by blotting samples dry with a Kim Wipe. A preload of 0.2 N
was applied to the samples to remove slack, and the strain was zeroed.
Samples were displaced at a rate of 10 mm min−1. The elastic
modulus was defined as the slope of the linear region (0−10% strain)
of the stress−strain curve. High strains (∼100%) caused specimens to
slip from clamps, preventing measurement of tensile strength, strain,
and toughness.
Lap Shear. For lap shear tests, hydrogels were adhered together

using a custom mold to ensure consistent alignment (Figure S1a).
Hydrogel samples were cut into 1 cm × 4 cm (width × length) strips
using a cutting guide and razor blades. The strips were blotted dry to
remove surface water and then placed in the custom mold, wherein
the overlap of the strips formed a 1 cm2 connection (n ≥ 5). In the
mold, pressure was applied by hand to the connection site for 1 min
before adhered samples were removed. “Connected” hydrogels were
soaked in DI water for 48 h before lap shear testing.

The interfacial shear strength of the connection was tested with an
Instron 5944 at RT. Specimens were evaluated in a modified lap shear
setup, where supports added to the upper and lower tension clamps
prevented the rotation of the samples (Figure S1b).56 Supports were
fabricated from 1/8 inch thick aluminum bars (McMaster Carr) cut to

Table 1. Hydrogel Network Compositions

composition

1st networka 2nd networkb 3rd networkc

hydrogel AMPS NIPAAm AAm (w.r.t. NIPAAm) APTAC AMPS

Single Network
SN-AMPS-1.5M 1.5 M

Double Network
DN-AAM-10% 1.5 M 2.0 M 10 wt %

Triple Network
TN-APTAC-0.5M 1.5 M 2.0 M 10 wt % 0.5 M
TN-APTAC-1.0M 1.5 M 2.0 M 10 wt % 1.0 M
TN-APTAC-1.5M 1.5 M 2.0 M 10 wt % 1.5 M
TN-APTAC-2.0M 1.5 M 2.0 M 10 wt % 2.0 M
TN-AMPS-0.5M 1.5 M 2.0 M 10 wt % 0.5 M
TN-AMPS-1.0M 1.5 M 2.0 M 10 wt % 1.0 M
TN-AMPS-1.5M 1.5 M 2.0 M 10 wt % 1.5 M
TN-AMPS-2.0M 1.5 M 2.0 M 10 wt % 2.0 M

a4 mol % BIS cross-linker w.r.t. AMPS, 0.1 mol % 2-oxo photoinitiator w.r.t. NIPAAm. b0.1 mol % BIS cross-linker w.r.t. NIPAAm, 0.1 mol % 2-
oxo photoinitiator w.r.t. NIPAAm. c0.1 mol % BIS cross-linker w.r.t. monomer, 0.1 mol % 2-oxo photoinitiator w.r.t. monomer.
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0.5 in × 2.75 in (width × length). Each support had sandpaper
attached to one side, to prevent displacement of the hydrogel. The
supports were affixed along with hydrogel specimens in the tension
clamps with 1 cm of the hydrogel in the clamp. Once inserted, a
preload of 0.2 N was applied. Then, samples were displaced at a rate
of 10 mm min−1, applying shear strain to the connection interface,
until failure. Strength was defined as the stress at the point of failure of
the interface or fracture of a hydrogel.
Statistical Analysis. For unconfined compression, tension and

EWC statistical analyses were completed using a two-way analysis of
variance (ANOVA) with Dunnet’s multiple comparison test. For lap
shear, statistical analyses were completed using one-way analysis of
variance (ANOVA) with Dunnet’s multiple comparison test. All
analyses were conducted with GraphPad Prism (Version 9.2.0) using
a standard α level of 0.05. All comparisons with p < 0.05 were
considered statistically significant.

■ RESULTS AND DISCUSSION
TN Hydrogel Fabrication. TN hydrogels were fabricated

in a three-step sequential UV cure process wherein after the 1st
and 2nd cure, the resulting DN hydrogel was soaked in a
precursor solution of the 3rd network and then cured. The 1st
network was composed of tightly cross-linked, anionic PAMPS,
and the 2nd network was loosely cross-linked P(NIPAAm-co-
AAm). The 3rd network was formed from loosely cross-linking
APTAC (cationic) or PAMPS (anionic) monomers of
systematically tuned concentrations (0.5−2.0 M). Following
the cure of the 3rd network, the resulting TN-APTAC and TN-
AMPS hydrogels were soaked in DI water for at least 1 week
before testing. TN hydrogels were denoted TN-X-YM, where
X represent the 3rd network monomer and Y represents the 3rd
network molar concentration (e.g., TN-AMPS-1.0M; Table 1).
The DN hydrogel (DN-AAm-10%, i.e., formed after the 2nd
cure) that preceded the formation of TN hydrogels was
included as a control.

All TN hydrogels comprised an anionic 1st network and a
neutral 2nd network, giving rise to intranetwork electrostatic
repulsive and intranetwork hydrophobic interactions. How-
ever, resulting TN hydrogels varied in terms of internetwork
cross-linking between the anionic 1st network and the 3rd
network. These internetwork cross-links were electrostatically
attractive in nature for TN-APTAC hydrogels and electro-
statically repulsive in the case of TN-AMPS hydrogels. It was
observed that TN-AMPS hydrogels expanded more while
soaking in DI water (Figure S2). This was attributed to
electrostatic repulsion between the 1st and 3rd anionic
networks.
Equilibrium Water Content and Mechanical Proper-

ties. Prior to the assessment of adhesivity, TN hydrogels were
individually assessed in terms of water content and mechanical
properties. Given that the hydration of native cartilage tissues
(60−90% water) gives rise to functional bulk mechanical
properties as well as tribological properties, this should be
ideally recapitulated in hydrogel cartilage substitutes. Both
compressive and tensile moduli were assessed, as some
cartilage tissues can undergo loading in tension.6,10,11,57

Moduli were assessed at physiologically relevant strains
(<10%) to avoid inflation due to strain hardening effects. In
compression, strength, as well as strain at break and toughness,
was also measured. However, under tension, high strains
(∼100%) caused specimens to slip from clamps and thus
prohibited the measurement of tensile strength and toughness.
As previously reported, TN-APTAC hydrogels achieved an

unprecedented combination of high hydration (∼80%) as well
as ultrahigh moduli (∼1 to ∼3.0 MPa) and high compressive
strengths (∼23 to 32 MPa; Figures 3 and S3 and Tables S1−
S3).53 The increase in moduli with greater APTAC
concentration in the 3rd network was attributed to the
concomitant increase in internetwork cross-links arising from

Figure 3. Material properties of electrostatic TN hydrogels: (a) equilibrium water content (EWC), (b) compressive modulus, and (c) tensile
modulus. *Denotes the statistical difference (p < 0.05) from DN-AAm-10%.53
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electrostatic attractive forces. The dynamic nature of intranet-
work and internetwork cross-links allowed TN-APTAC
hydrogels to undergo appreciable compressive strains before
failure (∼90%) and to achieve high toughness values (∼4 MJ/
m3). TN-AMPS hydrogels obtained somewhat higher water
contents (∼90%), thought to stem from the electrostatic
repulsion between the 1st and 3rd networks (Figure 3 and Table
S1). The moduli of the TN-AMPS hydrogels were generally
lower (∼1.0 to ∼1.5 MPa) relative to the TN-APTAC
hydrogels and were similar to DN-AAm-10% (∼1.2 MPa;3 and
Tables S2 and S3). This reduction in modulus may be
attributed in part to greater swelling. Still, the moduli of TN-
AMPS hydrogels remain within the range of certain cartilage
tissues (e.g., articular cartilage) and were much higher than
conventional hydrogels such as PEG-diacrylate (PEG-DA;
Ecompressive ∼ 200 kPa and Etensile ∼ 35 kPa).50,58 TN-AMPS
hydrogels also exhibited relatively lower compressive strengths
versus TN-APTAC hydrogels (Figure S3 and Table S2). While
TN-AMPS-0.5M exhibited a high compressive strength (∼18
MPa) similar to DN-AAm-10%, a marked decrease was
observed for TN-AMPS-1.0M, −1.5M, and −2.0M hydrogels
(∼5 MPa). This coincided with a decrease in compressive
strain (∼90 to ∼71%) and a decrease in toughness (∼3 to ∼1
MJ/m3). These results point to internetwork repulsive forces,
giving rise to chain stiffening of networks and a subsequent
inability to dissipate stress. Overall, TN-APTAC and TN-
AMPS achieved cartilage-like hydration and moduli of several
cartilage tissues.
Adhesivity. Since the final network is known to dictate the

electrostatic surface properties of multinetwork hydrogels,54,55

TN-APTAC and TN-AMPS hydrogels were expected to yield
cationic and anionic surfaces, respectively. Such TN hydrogels
of opposite charge have the potential to adhere to one another

via electrostatic attractive forces. In the case of highly hydrated
hydrogels, the effect of a dilute surface must be overcome by a
sufficient concentration of moieties that overcome interactions
with water and give rise to stable adhesion junctions.47 Thus,
adhesivity was assessed between TN-APTAC and TN-AMPS
hydrogels formed with 3rd networks of the same concentrations
(0.5−2.0 M). Interfacial shear strength was determined via lap
shear tests wherein TN hydrogels were connected at a 10 mm
× 10 mm interface and displaced axially (tension) until failure
(Figure S1). TN hydrogels prepared with 3rd networks of the
lowest concentration (TN-AMPS-0.5M and TN-APTAC-
0.5M) resulted in adhesive failure when a minimal (unmea-
surable) force was applied (Figure 4 and Table S4). As the 3rd

network concentration was increased, interfacial adhesion
improved, and cohesive failure was observed. TN-APTAC-
1.0M and TN-AMPS-1.0M achieved a shear strength of ∼55
kPa. When the 3rd network concentration was further increased
to 1.5 and 2.0 M, shear strengths increased to ∼80 kPa. Thus,
the higher concentrations of the 3rd network indeed achieved
the necessary concentration of electrostatic charge to form
effective adhesion junctions. This increase in shear strength is
attributed to increased charge density at the surfaces. Cohesive
failure was consistently observed to occur in the TN-AMPS
hydrogel due to lower ductility versus TN-APTAC hydrogels.
Also, a tensile failure mode (i.e., perpendicular to the shear
plane) was observed rather than the shear failure mode. For
such scenarios when the failure occurs out of plane, the true
“adhesion strength” can be expected to in fact be higher than
what is measured.48 Overall, TN hydrogels formed with higher
3rd network concentrations achieved the desired adhesivity by
forming stable adhesion junctions based on electrostatic
attractive forces at their surfaces.

Figure 4. Using lap shear tests, TN-APTAC (cationic 3rd network) and TN-AMPS (anionic 3rd network) were evaluated for adhesion to one
another when prepared with the same 3rd network concentration (0.5, 1.0, 1.5, and 2.0 M): (a) shear strength of interface, (b) representative
stress−displacement curves (note: shear strain not calculated as deformation cannot be solely attributed to adhered interface region), and (c)
photographs showing cohesive failure occurred in TN-AMPS hydrogels in a tensile mode (i.e., perpendicular to the shear plane). *Denotes
statistical difference (p < 0.05) versus TN hydrogels prepared with a 1.0 M 3rd network.
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Adhesive TN Hydrogels to Build Cartilage-Like
Constructs. Such TN hydrogels have the potential to prepare
cartilage constructs with regional properties in radial or
depthwise directions (Figure 1). To demonstrate such utility,
a proof-of-concept artificial IVD-like construct was formed.
Two hydrogels were utilized to represent the AF and NP
regions of an IVD. The more rigid AF region was represented
with TN-APTAC-2.0M owing to its similar compressive
moduli (∼3 MPa). The gelatinous NP component was based
on an anionic interpenetrating network (IPN) hydrogel
composed of AMPS and AAm (IPN-AAm) and displayed
targeted, high water content (∼97%) and a low compressive
modulus (∼140 kPa; Tables S1 and S2) like that reported for
native NP tissue.3,14 First, the adhesivity of TN-APTAC-2.0M
and IPN-AAm was elucidated with lap shear testing. A shear
stress of ∼13 kPa was reached before cohesive failure was
observed, wherein IPN-AAm was fractured in a tensile failure
mode (Figure 5a and Table S4). To form the artificial IVD
construct, a 12 mm diameter biopsy punch was used to create a
disc of TN-APTAC-2.0M (∼2.5 mm thick). A center hole (5
mm diameter) was punched out of the disc. Then, a 5 mm
diameter disc of IPN-AAm was inserted into the hole (using a
guide to avoid contact with TN-APTAC-2.0M and improper
adhesion during insertion; Figure 5b). Further illustrating the
utility of adhesive TN hydrogels, a bilayer construct, improving
on monolithic designs (e.g., Cartiva�a poly(vinyl alcohol)
hydrogel with FDA approval for the toe joint),59 for an
articular cartilage-like construct was produced (Figure 5c).
Here, a TN-AMPS-1.0M hydrogel (E ∼ 1 MPa) and a TN-
APTAC-2.0M hydrogel (E ∼ 3 MPa) represented the
superficial and deep layers, respectively.

■ CONCLUSIONS
Cartilage substitutes must replicate the regionally dependent
moduli of native cartilage tissues to achieve the necessary

performance. This work reported electrostatically adhesive TN
hydrogels that have cartilage-mimetic hydration as well as
moduli and so are useful building blocks for the development
of such substitutes. TN hydrogels were fabricated with anionic
(PAMPS) or cationic (PAPTAC) 3rd networks, thereby
controlling the surface charge. This afforded the potential to
form adhesive junctions via electrostatic attractive forces
between oppositely charged hydrogel surfaces. Increasing
concentration of the 3rd network likely led to improved
adhesivity, attributed to greater charge density on the hydrated
surface. Correspondingly, excellent adhesion was achieved as
exemplified by cohesive failure, rather than adhesive failure at
the interface. The utility of adhesive, TN hydrogels to form
cartilage constructs with regional differences in the modulus
was demonstrated. To form an IVD construct, a rigid TN-
APTAC (cationic surface) hydrogel was connected to a
gelatinous anionic hydrogel, representing the AF and NP,
respectively. A conceptual design for articular cartilage further
depicted the ability of these hydrogels to form heterogeneous
synthetic cartilage replacements. Future studies of these TN
hydrogels will focus on surface chemistry and charge
characterization using scanning kelvin probe microscopy.
Furthermore, the evaluation of their adhesive and mechanical
properties in different solutions (e.g., phosphate-buffered saline
or synovial fluid) will be carried out. Overall, this work
establishes the realization of adhesive hydrogels with cartilage-
mimetic mechanical and hydration properties and their ability
to serve as a platform for the development of heterogenic
synthetic cartilage replacements.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01438.

Figure 5. (a) Lap shear test of TN-APATAC-2.0M (cationic 3rd network) [representing the AF of an IVD] and anionic IPN-AAm [representing
the NP of an IVD], resulting in cohesive failure in IPN-AAm. (b) Schematic and photograph of the fabricated “IVD-like” construct. (c) Schematic
of the proposed design of adhered TN hydrogels for the development of an articular cartilage replacement with regional (depthwise) moduli
differences.
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Swelling comparison figures; lap shear fixture diagram;
and material property graphs and tables (e.g., mechanical
properties, water content) (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Melissa A. Grunlan − Department of Biomedical Engineering,
Texas A&M University, College Station, Texas 77843-3003,
United States; Department of Materials Science &
Engineering and Department of Chemistry, Texas A&M
University, College Station, Texas 77843-3003, United
States; orcid.org/0000-0002-5428-0461;
Email: mgrunlan@tamu.edu

Authors
Connor J. Demott − Department of Biomedical Engineering,
Texas A&M University, College Station, Texas 77843-3003,
United States

McKenzie R. Jones − Department of Biomedical Engineering,
Texas A&M University, College Station, Texas 77843-3003,
United States

Caleb D. Chesney − Department of Biomedical Engineering,
Texas A&M University, College Station, Texas 77843-3003,
United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsbiomaterials.2c01438

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Funding
The authors gratefully acknowledge support from the Texas
A&M University President’s Excellence Fund X-Grants
Program.
Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) Fox, A. J. S.; Bedi, A.; Rodeo, S. A. The basic science of human
knee menisci: Structure, composition, and function. Sports Health
2012, 4, 340−351.
(2) Tanaka, E.; van Eijden, T. Biomechanical behavior of the
temporomandibular joint disc. Crit. Rev. Oral Biol. Med. 2003, 14,
138−150.
(3) Nerurkar, N. L.; Elliott, D. M.; Mauck, R. L. Mechanical design
criteria for intervertebral disc tissue engineering. J. Biomech. 2010, 43,
1017−1030.
(4) Weber, M.; Rothschild, M. A.; Niehoff, A. Anisotropic and age-
dependent elastic material behavior of the human costal cartilage. Sci.
Rep. 2021, 11, No. 13618.
(5) Chen, S. S.; Falcovitz, Y. H.; Schneiderman, R.; Maroudas, A.;
Sah, R. L. Depth-dependent compressive properties of normal aged
human femoral head articular cartilage: Relationship to fixed charge
density. Osteoarthritis Cartilage 2001, 9, 561−569.
(6) Newell, N.; Little, J. P.; Christou, A.; Adams, M. A.; Adam, C. J.;
Masouros, S. D. Biomechanics of the human intervertebral disc: A
review of testing techniques and results. J. Mech. Behav. Biomed. Mater.
2017, 69, 420−434.
(7) Forman, J. L.; Kent, R. W. Modeling costal cartilage using local
material properties with consideration for gross heterogeneities. J.
Biomech. 2011, 44, 910−916.

(8) Fithian, D. C.; Kelly, M. A.; Mow, V. C. Material properties and
structure-function-relationships in the menisci. Clin. Orthop. Relat.
Res. 1990, 252, 19−31.
(9) Lechner, K.; Hull, M. L.; Howell, S. M. Is the circumferential
tensile modulus within a human medial meniscus affected by the test
sample location and cross-sectional area? J. Orthop. Res. 2000, 18,
945−951.
(10) Masouros, S. D.; McDermott, I. D.; Amis, A. A.; Bull, A. M. J.
Biomechanics of the meniscus-meniscal ligament construct of the
knee. Knee Surg. Sports Traumatol. Arthroscopy 2008, 16, 1121−1132.
(11) McDermott, I. D.; Masouros, S. D.; Amis, A. A. Biomechanics
of the menisci of the knee. Curr. Orthop. 2008, 22, 193−201.
(12) Forman, J. L.; del Pozo de Dios, E.; Dalmases, C. A.; Kent, R.
W. The contribution of the perichondrium to the structural
mechanical behavior of the costal-cartilage. J. Biomech. Eng. 2010,
132, No. 094501.
(13) Gao, L.-L.; Zhang, C.-Q.; Gao, H.; Liu, Z.-D.; Xiao, P.-P. Depth
and rate dependent mechanical behaviors for articular cartilage:
Experiments and theoretical predictions. Mater. Sci. Eng. C 2014, 38,
244−251.
(14) Whatley, B. R.; Wen, X. J. Intervertebral disc (ivd): Structure,
degeneration, repair and regeneration. Mater. Sci. Eng. C 2012, 32,
61−77.
(15) Camarero-Espinosa, S.; Rothen-Rutishauser, B.; Foster, E. J.;
Weder, C. Articular cartilage: From formation to tissue engineering.
Biomater. Sci. 2016, 4, 734−767.
(16) Verwoerd-Verhoef, H. L.; ten Koppel, P. G. J.; van Osch, G.;
Meeuwis, C. A.; Verwoerd, C. D. A. Wound healing of cartilage
structures in the head and neck region. Int. J. Pediatr. Otorhinolaryngol.
1998, 43, 241−251.
(17) Adams, M. A.; Roughley, P. J. What is intervertebral disc
degeneration, and what causes it? Spine 2006, 31, 2151−2161.
(18) Iatridis, J. C.; Nicoll, S. B.; Michalek, A. J.; Walter, B. A.; Gupta,
M. S. Role of biomechanics in intervertebral disc degeneration and
regenerative therapies: What needs repairing in the disc and what are
promising biomaterials for its repair? Spine J. 2013, 13, 243−262.
(19) Camp, C. L.; Stuart, M. J.; Krych, A. J. Current concepts of
articular cartilage restoration techniques in the knee. Sports Health
2014, 6, 265−273.
(20) Cotton, R. T.; Myer Iii, C. M.; O’Connor, D. M.; Smith, M. E.
Pediatric laryngotracheal reconstruction with cartilage grafts and
endotracheal tube stenting: The single-stage approach. Laryngoscope
1995, 105, 818−821.
(21) Smith, M. M.; Cotton, R. T. Diagnosis and management of
laryngotracheal stenosis. Expert Rev. Respir. Med. 2018, 12, 709−717.
(22) Gomoll, A. H.; Farr, J.; Gillogly, S. D.; Kercher, J.; Minas, T.
Surgical management of articular cartilage defects of the knee. J. Bone
Joint Surg. Am. 2010, 92, 2470−2490.
(23) Gross, A. E.; Kim, W.; Las Heras, F.; Backstein, D.; Safir, O.;
Pritzker, K. P. H. Fresh osteochondral allografts for posttraumatic
knee defects: Long-term followup. Clin. Orthop. Relat. Res. 2008, 466,
1863−1870.
(24) Agrawal, N.; Black, M.; Morrison, G. Ten-year review of
laryngotracheal reconstruction for paediatric airway stenosis. Int. J.
Pediatr. Otorhinolaryngol. 2007, 71, 699−703.
(25) Choi, S. S.; Zalzal, G. H. Pitfalls in laryngotracheal
reconstruction. Arch. Otolaryngol. Head Neck Surg. 1999, 125, 650−
653.
(26) Goel, V. K.; Gilbertson, L. G. Basic science of spinal
instrumentation. Clin. Orthop. Relat. Res. 1997, 335, 10−31.
(27) Nagel, D. A.; Edwards, W. T.; Schneider, E. Biomechanics of
spinal fixation and fusion. Spine 1991, 16, S151−S154.
(28) Ignasiak, D.; Peteler, T.; Fekete, T. F.; Haschtmann, D.;
Ferguson, S. J. The influence of spinal fusion length on proximal
junction biomechanics: A parametric computational study. Eur. Spine
J. 2018, 27, 2262−2271.
(29) Okuda, S.; Nagamoto, Y.; Matsumoto, T.; Sugiura, T.;
Takahashi, Y.; Iwasaki, M. Adjacent segment disease after single
segment posterior lumbar interbody fusion for degenerative

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.2c01438
ACS Biomater. Sci. Eng. 2023, 9, 1952−1960

1959

https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01438/suppl_file/ab2c01438_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Melissa+A.+Grunlan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5428-0461
mailto:mgrunlan@tamu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Connor+J.+Demott"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="McKenzie+R.+Jones"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caleb+D.+Chesney"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01438?ref=pdf
https://doi.org/10.1177/1941738111429419
https://doi.org/10.1177/1941738111429419
https://doi.org/10.1177/154411130301400207
https://doi.org/10.1177/154411130301400207
https://doi.org/10.1016/j.jbiomech.2009.12.001
https://doi.org/10.1016/j.jbiomech.2009.12.001
https://doi.org/10.1038/s41598-021-93176-x
https://doi.org/10.1038/s41598-021-93176-x
https://doi.org/10.1053/joca.2001.0424
https://doi.org/10.1053/joca.2001.0424
https://doi.org/10.1053/joca.2001.0424
https://doi.org/10.1016/j.jmbbm.2017.01.037
https://doi.org/10.1016/j.jmbbm.2017.01.037
https://doi.org/10.1016/j.jbiomech.2010.11.034
https://doi.org/10.1016/j.jbiomech.2010.11.034
https://doi.org/10.1097/00003086-199003000-00004
https://doi.org/10.1097/00003086-199003000-00004
https://doi.org/10.1002/jor.1100180614
https://doi.org/10.1002/jor.1100180614
https://doi.org/10.1002/jor.1100180614
https://doi.org/10.1007/s00167-008-0616-9
https://doi.org/10.1007/s00167-008-0616-9
https://doi.org/10.1016/j.cuor.2008.04.005
https://doi.org/10.1016/j.cuor.2008.04.005
https://doi.org/10.1115/1.4001976
https://doi.org/10.1115/1.4001976
https://doi.org/10.1016/j.msec.2014.02.009
https://doi.org/10.1016/j.msec.2014.02.009
https://doi.org/10.1016/j.msec.2014.02.009
https://doi.org/10.1016/j.msec.2011.10.011
https://doi.org/10.1016/j.msec.2011.10.011
https://doi.org/10.1039/C6BM00068A
https://doi.org/10.1016/S0165-5876(98)00003-2
https://doi.org/10.1016/S0165-5876(98)00003-2
https://doi.org/10.1097/01.brs.0000231761.73859.2c
https://doi.org/10.1097/01.brs.0000231761.73859.2c
https://doi.org/10.1016/j.spinee.2012.12.002
https://doi.org/10.1016/j.spinee.2012.12.002
https://doi.org/10.1016/j.spinee.2012.12.002
https://doi.org/10.1177/1941738113508917
https://doi.org/10.1177/1941738113508917
https://doi.org/10.1288/00005537-199508000-00009
https://doi.org/10.1288/00005537-199508000-00009
https://doi.org/10.1080/17476348.2018.1495564
https://doi.org/10.1080/17476348.2018.1495564
https://doi.org/10.2106/JBJS.I.00895
https://doi.org/10.1007/s11999-008-0282-8
https://doi.org/10.1007/s11999-008-0282-8
https://doi.org/10.1016/j.ijporl.2007.01.005
https://doi.org/10.1016/j.ijporl.2007.01.005
https://doi.org/10.1001/archotol.125.6.650
https://doi.org/10.1001/archotol.125.6.650
https://doi.org/10.1097/00003086-199702000-00003
https://doi.org/10.1097/00003086-199702000-00003
https://doi.org/10.1097/00007632-199103001-00022
https://doi.org/10.1097/00007632-199103001-00022
https://doi.org/10.1007/s00586-018-5700-3
https://doi.org/10.1007/s00586-018-5700-3
https://doi.org/10.1097/BRS.0000000000002710
https://doi.org/10.1097/BRS.0000000000002710
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c01438?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


spondylolisthesis minimum 10 years follow-up. Spine 2018, 43,
E1384−E1388.
(30) Nathwani, D.; McNicholas, M.; Hart, A.; Miles, J.; Bobic, V.
Partial resurfacing of the knee with the biopoly implant: Interim
report at 2 years. J. Bone Joint Surg. Open Access 2017, 2, No. e0011.
(31) Baumhauer, J. F.; Singh, D.; Glazebrook, M.; Blundell, C.; De
Vries, G.; Le, I. L.; Nielsen, D.; Pedersen, M. E.; Sakellariou, A.; Solan,
M.; Wansbrough, G.; Younger, A. S.; Daniels, T. Prospective,
randomized, multi-centered clinical trial assessing safety and efficacy
of a synthetic cartilage implant versus first metatarsophalangeal
arthrodesis in advanced hallux rigidus. Foot Ankle Int. 2016, 37, 457−
469.
(32) Uschold, T. D.; Fusco, D.; Germain, R.; Tumialan, L. M.;
Chang, S. W. Cervical and lumbar spinal arthroplasty: Clinical review.
Am. J. Neuroradiol. 2012, 33, 1631−1641.
(33) Formica, M.; Divano, S.; Cavagnaro, L.; Basso, M.; Zanirato,
A.; Formica, C.; Felli, L. Lumbar total disc arthroplasty: Outdated
surgery or here to stay procedure? A systematic review of current
literature. J. Orthop. Traumatol. 2017, 18, 197−215.
(34) Grodzinsky, A. J.; Levenston, M. E.; Jin, M.; Frank, E. H.
Cartilage tissue remodeling in response to mechanical forces. Annu.
Rev. Biomed. Eng. 2000, 2, No. 691.
(35) Bahraminasab, M.; Sahari, B. B.; Edwards, K. L.; Farahmand, F.;
Arumugam, M. Aseptic loosening of femoral components - materials
engineering and design considerations. Mater. Des. 2013, 44, 155−
163.
(36) Martinez-Carranza, N.; Berg, H. E.; Hultenby, K.; Nurmi-
Sandh, H.; Ryd, L.; Lagerstedt, A. S. Focal knee resurfacing and effects
of surgical precision on opposing cartilage. A pilot study on 12 sheep.
Osteoarthritis Cartilage 2013, 21, 739−745.
(37) Salari, B.; McAfee, P. C. Cervical total disk replacement:
Complications and avoidance. Orthop. Clin. North Am. 2012, 43, 97−
107.
(38) Yodmuang, S.; Guo, H. Q.; Brial, C.; Warren, R. F.; Torzilli, P.
A.; Chen, T.; Maher, S. A. Effect of interface mechanical
discontinuities on scaffold-cartilage integration. J. Orthop. Res. 2019,
37, 845−854.
(39) Kraemer, J.; Kolditz, D.; Gowin, R. Water and electrolyte
content of human intervertebral disks under variable load. Spine 1985,
10, 69−71.
(40) Graham, B. T.; Moore, A. C.; Burris, D. L.; Price, C. Mapping
the spatiotemporal evolution of solute transport in articular cartilage
explants reveals how cartilage recovers fluid within the contact area
during sliding. J. Biomech. 2018, 71, 271−276.
(41) Moore, A. C.; Burris, D. L. Tribological rehydration of cartilage
and its potential role in preserving joint health. Osteoarthritis Cartilage
2017, 25, 99−107.
(42) Sophia Fox, A. J.; Bedi, A.; Rodeo, S. A. The basic science of
articular cartilage: Structure, composition, and function. Sports Health
2009, 1, 461−468.
(43) Rains, J. K.; Bert, J. L.; Roberts, C. R.; Pare, P. D. Mechanical-
properties of human tracheal cartilage. J. Appl. Physiol. 1992, 72, 219−
225.
(44) Raos, G.; Zappone, B. Polymer adhesion: Seeking new
solutions for an old problem. Macromolecules 2021, 54, 10617−10644.
(45) Liu, G. T.; Ding, Z. F.; Yuan, Q. J.; Xie, H. X.; Gu, Z. P. Multi-
layered hydrogels for biomedical applications. Front. Chem. 2018, 6,
No. 10.3389/fchem.2018.00439.
(46) Nguyen, L. H.; Kudva, A. K.; Saxena, N. S.; Roy, K. Engineering
articular cartilage with spatially-varying matrix composition and
mechanical properties from a single stem cell population using a
multi-layered hydrogel. Biomaterials 2011, 32, 6946−6952.
(47) Bovone, G.; Dudaryeva, O. Y.; Marco-Dufort, B.; Tibbitt, M.
W. Engineering hydrogel adhesion for biomedical applications via
chemical design of the junction. ACS Biomater. Sci. Eng. 2021, 7,
4048−4076.
(48) Roy, C. K.; Guo, H. L.; Sun, T. L.; Bin Ihsan, A.; Kurokawa, T.;
Takahata, M.; Nonoyama, T.; Nakajima, T.; Gong, J. P. Self-

adjustable adhesion of polyampholyte hydrogels. Adv. Mater. 2015,
27, 7344−7348.
(49) Wang, J. T.; Wang, L. F.; Wu, C. S.; Pei, X. J.; Cong, Y.; Zhang,
R.; Fu, J. Antibacterial zwitterionic polyelectrolyte hydrogel adhesives
with adhesion strength mediated by electrostatic mismatch. ACS Appl.
Mater. Interfaces 2020, 12, 46816−46826.
(50) Gong, J. P.; Katsuyama, Y.; Kurokawa, T.; Osada, Y. Double-
network hydrogels with extremely high mechanical strength. Adv.
Mater. 2003, 15, 1155−1158.
(51) Means, A. K.; Shrode, C. S.; Whitney, L. V.; Ehrhardt, D. A.;
Grunlan, M. A. Double network hydrogels that mimic the modulus,
strength, and lubricity of cartilage. Biomacromolecules 2019, 20, 2034−
2042.
(52) Benitez-Duif, P. A.; Breisch, M.; Kurka, D.; Edel, K.; Gökcay,
S.; Stangier, D.; Tillmann, W.; Hijazi, M.; Tiller, J. C. Ultrastrong
poly(2-oxazoline)/poly(acrylic acid) double-network hydrogels with
cartilage-like mechanical properties. Adv. Funct. Mater. 2022, 32,
No. 2204837.
(53) Demott, C. J.; Jones, M. R.; Chesney, C. D.; Yeisley, D. J.;
Culibrk, R. A.; Hahn, M. S.; Grunlan, M. A. Ultra-high modulus
hydrogels mimicking cartilage of the human body. Macromol. Biosci.
2022, 22, No. 2200283.
(54) Kaneko, D.; Tada, T.; Kurokawa, T.; Gong, J. P.; Osada, Y.
Mechanically strong hydrogels with ultra-low frictional coefficients.
Adv. Mater. 2005, 17, 535−538.
(55) Milner, P. E.; Parkes, M.; Puetzer, J. L.; Chapman, R.; Stevens,
M. M.; Cann, P.; Jeffers, J. R. T. A low friction, biphasic and boundary
lubricating hydrogel for cartilage replacement. Acta Biomater. 2018,
65, 102−111.
(56) Sitterle, V. B.; Sun, W.; Levenston, M. E. A modified lap test to
more accurately estimate interfacial shear strength for bonded tissues.
J. Biomech. 2008, 41, 3260−3264.
(57) Martinez, J. B.; Oloyede, V. O. A.; Broom, N. D. Biomechanics
of load-bearing of the intervertebral disc: An experimental and finite
element model. Med. Eng. Phys. 1997, 19, 145−156.
(58) Means, A. K.; Dong, P.; Clubb, F. J.; Friedemann, M. C.;
Colvin, L. E.; Shrode, C. A.; Cote, G. L.; Grunlan, M. A. A self-
cleaning, mechanically robust membrane for minimizing the foreign
body reaction: Towards extending the lifetime of sub-q glucose
biosensors. J. Mater. Sci. Mater. Med. 2019, 30, No. 79.
(59) Baker, M. I.; Walsh, S. P.; Schwartz, Z.; Boyan, B. D. A review
of polyvinyl alcohol and its uses in cartilage and orthopedic
applications. J. Biomed. Mater. Res. Part B Appl. Biomater. 2012,
100B, 1451−1457.

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.2c01438
ACS Biomater. Sci. Eng. 2023, 9, 1952−1960

1960

https://doi.org/10.1097/BRS.0000000000002710
https://doi.org/10.2106/JBJS.OA.16.00011
https://doi.org/10.2106/JBJS.OA.16.00011
https://doi.org/10.1177/1071100716635560
https://doi.org/10.1177/1071100716635560
https://doi.org/10.1177/1071100716635560
https://doi.org/10.1177/1071100716635560
https://doi.org/10.3174/ajnr.A2758
https://doi.org/10.1007/s10195-017-0462-y
https://doi.org/10.1007/s10195-017-0462-y
https://doi.org/10.1007/s10195-017-0462-y
https://doi.org/10.1146/annurev.bioeng.2.1.691
https://doi.org/10.1016/j.matdes.2012.07.066
https://doi.org/10.1016/j.matdes.2012.07.066
https://doi.org/10.1016/j.joca.2013.02.004
https://doi.org/10.1016/j.joca.2013.02.004
https://doi.org/10.1016/j.ocl.2011.08.006
https://doi.org/10.1016/j.ocl.2011.08.006
https://doi.org/10.1002/jor.24238
https://doi.org/10.1002/jor.24238
https://doi.org/10.1097/00007632-198501000-00011
https://doi.org/10.1097/00007632-198501000-00011
https://doi.org/10.1016/j.jbiomech.2018.01.041
https://doi.org/10.1016/j.jbiomech.2018.01.041
https://doi.org/10.1016/j.jbiomech.2018.01.041
https://doi.org/10.1016/j.jbiomech.2018.01.041
https://doi.org/10.1016/j.joca.2016.09.018
https://doi.org/10.1016/j.joca.2016.09.018
https://doi.org/10.1177/1941738109350438
https://doi.org/10.1177/1941738109350438
https://doi.org/10.1152/jappl.1992.72.1.219
https://doi.org/10.1152/jappl.1992.72.1.219
https://doi.org/10.1021/acs.macromol.1c01182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.1c01182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fchem.2018.00439
https://doi.org/10.3389/fchem.2018.00439
https://doi.org/10.1016/j.biomaterials.2011.06.014
https://doi.org/10.1016/j.biomaterials.2011.06.014
https://doi.org/10.1016/j.biomaterials.2011.06.014
https://doi.org/10.1016/j.biomaterials.2011.06.014
https://doi.org/10.1021/acsbiomaterials.0c01677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.0c01677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201504059
https://doi.org/10.1002/adma.201504059
https://doi.org/10.1021/acsami.0c14959?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c14959?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.200304907
https://doi.org/10.1002/adma.200304907
https://doi.org/10.1021/acs.biomac.9b00237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.9b00237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202204837
https://doi.org/10.1002/adfm.202204837
https://doi.org/10.1002/adfm.202204837
https://doi.org/10.1002/mabi.202200283
https://doi.org/10.1002/mabi.202200283
https://doi.org/10.1002/adma.200400739
https://doi.org/10.1016/j.actbio.2017.11.002
https://doi.org/10.1016/j.actbio.2017.11.002
https://doi.org/10.1016/j.jbiomech.2008.09.006
https://doi.org/10.1016/j.jbiomech.2008.09.006
https://doi.org/10.1016/S1350-4533(96)00056-2
https://doi.org/10.1016/S1350-4533(96)00056-2
https://doi.org/10.1016/S1350-4533(96)00056-2
https://doi.org/10.1007/s10856-019-6282-2
https://doi.org/10.1007/s10856-019-6282-2
https://doi.org/10.1007/s10856-019-6282-2
https://doi.org/10.1007/s10856-019-6282-2
https://doi.org/10.1002/jbm.b.32694
https://doi.org/10.1002/jbm.b.32694
https://doi.org/10.1002/jbm.b.32694
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c01438?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

